In a previous study, we identified a novel missense mutation, p.W77S, in the GJC3 gene encoding connexin30.2/connexin31.3 (CX30.2/CX31.3) from patients with hearing loss. The functional alteration of CX30.2/CX31.3 caused by the p.W77S mutant of GJC3 gene, however, remains unclear. In the current study, our result indicated that the p.W77 is localized at the second membrane-spanning segments (TM2) and near border of the E1 domain of the CX30.2/CX31.3 protein and highly conserved (Conseq score = 8~9) in all species. The p.W77S missense mutation proteins in the intracellular distribution are different CX30.2/CX31.3WT and an accumulation of the mutant protein in the endoplasmic reticulum (ER) of the HeLa cell. Furthermore, co-expression of WT and p.W77S mutant chimerae proteins showed that the heteromeric connexon accumulated in the cytoplasm, thereby impairing the WT proteins' expression in the cell membranes. In addition, we found that CX30.2/CX31.3W77S missense mutant proteins were degraded by lysosomes and proteosomes in the transfected HeLa cell. Based on these findings, we suggest that p.W77S mutant has a dominant negative effect on the formation and function of the gap junction. These results give a novel molecular elucidation for the mutation of GJC3 in the development of hearing loss.
Introduction
The mammalin inner ear comprise the cochlea, which is the hearing organ. The functions of the organ are dependent on tightly controlled ionic environments, in particular for K + ions, for hearing transduduction [1] . Gap junction system is highly probable pathway for cochlear K + ions recirculation in the cochlea [2] . CXs genes code for a large and highly homologous family of proteins that form intercellular gap junction chanels. More than 20 CXs have been described in the mammalian. There are twenty-one CXs genes within the human genome. The topological model of CX protein shows that the polypeptide comprise a short cytoplasmic amino-terminal domain (NT), four transmembrane domains (TM1 to TM4) linked by one cytoplasmic loop (CL) and two extracellular loops (E1 and E2), and a most variable carboxyl-terminal cytoplasmic domain (CT) [3] .
Mutations in the CXs have been identified as associated with a variety of human inherited disease, such as deafness, epidermal disease, neuropathies, oculoden todigital dysplsia and cataracts. The inheritance of this disease more likely to be autosomal dominant, autosomal recessive, or X-linked [4] . Disease-causing mutations can potentially take place
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anywhere in the CXs. These mutations may cause disease through a variety of mechanisms, most of which alter intercellular communication by affecting various processes of the CXs life cycle or channel function. The plurality of identified CXs mutations are located within the coding region of protein. These different mutations generate abnormalities at diverse steps in the CX life cycle, including synthesis, assembly, channel function, and degradation [5] .
Up to now, six CXs protein (CX26, CX30, CX31, CX30.3, CX30.2/CX31.3 and CX43) are reported expression in the gap junction-rich regions of the cochlear duct and association with human genetic hearing lose [6] [7] [8] [9] [10] [11] [12] . The human GJC3 gene, coding for CX30.2/CX31.3, is located on chromosome 7q22.1 and the coding region is localized on both exon 1 and exon 2 and is interrupted by an intron. The CX30.2/CX31.3 contains 279 amino acid residues and has a molecular weight of 31.29 kDa. Human CX30.2/CX31.3, orthologs of the mouse Cx29, was first identified by database analysis in 2002 and has been shown to be highly expressed in the cochlea using cDNA macroarray hybridization [13] [14] [15] . Furthermore, previous animal studies also indicate that the Cx29 protein is expressed in the cochlear tissue of mice and rats [16] [17] . Previously, we have been identified four heterozygous missense mutations [c.807A>T (E269D), c.43C>G (R15G), c.68T>A (p.L23H) and c.230C>G (W77S)] of the GJC3 gene in Taiwanese patients with nonsyndromic deafness [10] [11] [12] . To understand the play role of GJC3 mutation in nonsyndromic hearing loss, it is necessary to investigate the functional alteration of mutant Cx30.2/CX31.3 in intercellular communication. Previously, we have found that p.E269D mutation in the GJC3 gene has a dominant negative effect on the formation and function of the gap junction [18] . In addition, we found that p.R15G and p.L23H mutants do not decrease the trafficking of CX proteins, but the mutations in GJC3 genes result in a loss of function of the CX30.2/CX31.3 protein [19] . However, the functional alternation of CX30.2/CX31.3 caused by the p.W77S mutant remains unclear. This study, therefore, investigates the affecting of the p.W77S mutations on the functional properties and subcellular localization of the mutant CX30.2/CX31.3 protein in tet-on HeLa cells.
Materials and Methods

Molecular cloning and construction of the plasmids expressing wild-type or mutants CX30.2/CX31.3
The wild-type CX30.2/CX31.3 expressing plasmids was constructed as previously describe [18] .
Mutant GJC3 genes were generated by performing oligonucleotide-directed mutagenesis using the Stratagene Quickchange site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA The tet-on HeLa cell line deficient in the GJIC gene was purchased from BD Biosciences Clontech (Palo Alto, CA, USA) and maintained in Dulbecco's modified Eagle's medium, supplemented with 10% FBS (Gibco BRL, Gaithersburg, USA), 100 µg/ml G418, 100 U/ml penicillin, and 100 μg/ml streptomycin at 37 °C in a moist atmosphere containing 5% CO2. Transfection was carried out using LipofectAMINE reagent (Invitrogen, Carlsbad, USA) according to the manufacturer's instructions. 
Immunofluorescence staining of post-transfection HeLa cells
Wild-type or mutant CX30.2/CX31.3 protein expression in tet-on HeLa cells was analyzed by a direct fluorescent protein fusion method involving fusion of EGFP or DsRed to the C-terminal ends of the CX30.2/CX31.3 proteins. Briefly, post-transfection tet-on HeLa cells grown on coverslips were fixed with 4% paraformaldehyde in 0.1 M PBS for 20 min and then rinsed three times in PBS. Then, the coverslips were immersed in 10% normal goat serum and 0.1% Triton X-100 for 15 min. The primary antisera and dilutions were as follows: mouse anti-pan-cadherin antibody at 1:200 (anti-CH19; abcan) for cell membrane, mouse anti-Golgin-97 at 1:200 (Invitrogen, Carisbad, CA) for Golgi apparatus. After incubation with primary antiserum at 4℃ overnight, the cells were rinsed in PBS three times before adding Alexa Fluor 488 and/or Alexa Fluor 594 conjugated secondary antibodies (Invitrogen, Carisbad, CA). Endoplasmic Reticulum (ER) was stained with ER-Tracker® Blue-white DPX Probes at 1:670 dilution (Invitrogen, Carisbad, CA) for 10 min at room temperature. Lysosomes were stained with LysoTracker® Probes (Invitrogen, Carisbad, CA) for 20 min at room temperature. The nuclei of cells were counterstained with DAPI (2 µg/ml) for 5 min and rinsed with PBS. Mounted slides were visualized and photographed using a fluorescence microscope (Zeiss Axioplam, Oberkochen, Germany).
Real-time Quantitative polymerase chain reaction (Q-PCR)
For quantitative real-time RT-PCR (q-PCR) analysis, total RNA was isolated from four positive stable cell lines using the Total RNA Extraction Miniprep System according to the manufacturer's directions (VIOGENE, Sunnyvale). Reverse transcription was performed using Improm-II TM Reverse Transcriptase (Promega, San Luis Obispo) in the presence of oligo-dT18 primer. Quantitative PCR for mRNA was performed using the SYBR Green I Master Mix (Applied Biosystems, Foster city, CA) and detected in a ABI7000 thermocycler (Applied Biosystems, Foster City, CA). Real-time PCR primers for mRNA were designed using PrimerExpress software [20] . The Primers, CX30.2/CX31.3 real-time F-5'CCTGGGATTCCGCCTTGT-3' and CX30.2/ CX31.3 real-time R-5'-TGGGTGTGACACACGAAT TCA-3' were using for CX30.2/CX31.3 detection. Each measurement was performed in triplicate and the results were normalized by the expression of the GAPDH reference gene.
DNA fragmentation analysis
Both expressed CX30.2/CX31.3WT and CX30.2/CX31.3W77S HeLa cells (5x 10 6 cells) were cultured in DMEM medium for 4 days. After removing the nonadherent dead cells in the cultures by rinsing with PBS, the adherent cells were collected by centrifugation for 5 min (1000 rpm) at room temperature. DNAs were purified as previously describe [19] . Different DNA concentrations from 500µg to 3000µg were resolved in a 1 % (w/v) agarose gel in 1x TAE buffer. The DNA bands were stained with ethidium bromide (0.5 ug/ml) and photographed (Alpha Image 2200 analysis software).
Evaluation of cell viability
Cell viability was determined by MTT assay. Briefly, after MG63 cells were cultured on nanostructured alumina surface for 1, 2 and 4 days. 100 ml of MTT (5 mg/ml) (Wako, Japan) was added to each well and incubated at 37°C for another 4 h. Then, 0.5 ml dimethyl sulfoxide (DMSO) was added to each well to dissolve the formazan crystals. The absorbance of each solutionwas measured at the wavelength of 490 nm with a microplate reader (Bio-Rad 680, Bio-Rad, USA).
Statistical analysis
All data were calculated and presented as mean±standard error (mean±SE) in the present study. By GraphPad Prism Software, the statistical analyses between different groups at different time were performed via an unpaired t-test. Posterior comparisons were then followed by using Turkey's test HSD (honestly significant difference). A P-value of less than 0.05 was considered to be statistically significant. Star code for statistical significance is illustrated as follow: *** P<0.001, ** P<0.01 and * P<0.05.
Results
Schematic representation of the domain structure of the CX30.2/CX31.3 protein
The predictable protein structure of CX30.2/CX31.3 was acquired from UniProtKB/SwissProt database entry P17302. We found that the topological model of CX30.2/CX31.3 protein is similarily other members of CX family. The structure of CX30.2/CX31.3 protein was described previously [19] and was displyed in supplemental Fig. 1 . Our result indicated that p.W77S missense mutation is localized at the second membrane-spanning segments (TM2) and near border of the E1 domain of the CX30.2/CX31.3 protein (supplemental Fig. 1 ).
Multiple alignments of amino acid sequence in connexin proteins
Further, we examined and compared amino acid sequences of the CX30. 2 (Fig. 1A and 1B) . Further, this membrane localization was confirmed by colocalization with pan-Cadherin (Fig. 1A and 1B) . These results are consistent with our previous studies [18] [19] . Contrary to CX30.2/CX31.3WT, as seen in the immunolabeling assay, CX30.2/CX31.3W77S mutant proteins were concentrated in the cytoplasm close to the nucleus (Fig. 1C) . Following, we identify which organelles in the cytoplasm the mutant CX30.2/CX31.3 localized in HeLa cells. We analyzed the HeLa cell had been transfected with CX30.2/CX31.3W77S-EGFP cDNA by immunostaining with markers for lysosome, ER, and Golgi apparatus (Fig. 2) . The results of the assay indicated that the most CX30.2/CX31.3W77S mutant protein was characteristically found in a reticular pattern co-localized with an ER marker (Fig. 2B ). Base on above found, we consider that the p.W77S mutation interferes with normal CX30.2/CX31.3 trafficking.
Expression of CX30.2/CX31.3WT and CX30.2/CX31.3W77S chimerae protein in tet-on HeLa cell
In our previous investigating, we showed that the p.W77S mutation in CX30.2/CX31.3 is a heterozygous mutation in patients with nonsyndromal hearing loss [12] . Therefore, co-expression studies were followed out to inspect the effects of the mutant protein on CX30.2/CX31.3WT using a bi-directional tet-on protein expression system with equal amounts of the two respective expression proteins.
Our results showed that the CX30.2/CX31.3WT-DsRed and CX30.2/CX31.3W77S-EGFP co-expression pattern was similar to that in cells expressing only CX30.2/CX31.3W77S, which are concentrated in the cytoplasm close to the nucleus (Fig. 3) . Based on this finding, we suggest that the p.W77S mutation seem to have a dominant negative effect on CX30.2/CX31.3WT.
Effect of CX30.2/CX31.3W77S mutation protein in the HeLa cell
Under a fluorescence microscope, we found that the positive cells displaying green fluorescence had decreased noticeably from 8.96±0.91% to 0.63±0.49% in the days following the culture in post-transfect mutant CX30.2/CX31.3W77S plasmid (Fig. 4) . In contrast, the post-transfect CX30.2/CX31.3WT cell with green fluorescence had decreased only slightly, from 14.1±4.28% to 10.03±0.58% in the days following the culture (Fig. 4) . Therefore, one possibility reason is the accumulation of a great quantity of mutant proteins in the ER switches on unfolded protein response (UPR) within the ER that leads to the programmed cell death (apoptosis).
Analysis of DNA fragmentation and MTT
To explanation the possibility, we further analyzed cell death using two methods, DNA fragmentation and MTT assay. Both expressed CX30.2/CX31.3WT and CX30.2/CX31.3W77S HeLa cells were incubated for 4 days before being subjected to cell viability assays by DNA fragmentation. DNAs were purified from expressed HeLa cells, which are post-transfect CX30.2/CX31.3WT and CX30.2/ CX31.3W77S plasmids and were then resolved by conventional agarose gel electrophoresis to assay the potential apoptotic DNA fragmentation. The results obviously proved absence of the characteristic DNA laddering of those cells expressing CX30.2/CX31.3W77S (Fig. 5A) . Simultaneously, the characteristics of cell viability were also determined by the MTT analysis in the days following the culture in post-transfect WT CX30.2/CX31.3 and mutant CX30.2/CX31.3W77S plasmids (Fig. 5B) . This result of cell viability is consistent with DNA fragmentation analysis, which is not different between expressed WT and mutant HeLa cell. Thus, we suggest that the accumulation of CX30.2/CX31.3W77S mutant protein in the ER did not trigger cell death.
Analysis of real-time Quantitative-PCR
Further, we tried to find the factors contributing to green fluorescence decrease in the positive cells. To understand p.W77S of GJC3 mutant mRNA expression, real-time Quantitative-PCR was performed to assess the expression of transgenes in post-transfect HeLa cells (supplemental Fig. 3) . Our results indicate that p.W77S of GJC3 mRNA expression is consistent with normal GJC3 mRNA expression in the post-transfect HeLa cells. Therefore, we suggest that the p.W77S mutant does not interfere with mRNA expression in the transcription process. 
Protein degradation in cultured cells
As well, we used the lysosome inhibitor chloroquine (CQ) 20μg/ml and the proteasome inhibitor MG132 3μg/ml to understand whether the CX30.2/CX31.3W77S mutant proteins underwent degradation. These concentrations were decided according to cell viability using MTT assay (data not show). After treatment with both chloroquine (CQ) and MG132, we found that the positive cells were higher in number than in the untreated group 12, 24, and 48 hours after treatment ( Figure. 6 ). The rate of positive cells was 20.42±8.3%, 39.28±3.42%, 19.88±3.57%, and 14.24±4.54% for CQ treatment at 0, 12, 24, and 48 hours respectively. At 0, 12, 24, and 48 hours after MG132 treatment, the rate of positive cells was 21.04±3.7%, 28.48±5.28%, 24.87±7.22%, and 9.38±2.06%. After unpaired t-test analysis, both CQ (p=0.0224 and p=0.0162, respectively) and MG132 treatment (p=0.0335 and p=0.0013, respectively) were highly significant than no-treatment (control) at the treatment 24 and 48 hours group. Based on these results, we suggest that a missense mutation of the CX30.2/CX31.3 p.W77S protein was degraded in the HeLa cell.
Discussion
At least seven heterozygous mutations and two heterozygous polymorphisms of the GJC3 gene have been detected in Taiwanese patients with nonsyndromic deafness [10] [11] [12] . Of the seven mutation, four heterozygous missense mutations [c.43C>G (p.R15G), c.68T>A(p.L23H), c.230C>G (p.W77S) and c.807A>T (p.E269D)] of the GJC3 gene were identified. The phenotype/genotype correlation of connexin (CX) gene family variants have described in our previous study [12] . Previously, we had indicated that p.E269D missense mutation in the GJC3 gene resulted in accumulation of the CX30.3/CX31.2 mutant protein in the endoplasmic reticulum (ER), and had a dominant negative effect on the formation and function of the gap junction [18] . In the p.R15G and p.L23H mutants, we have indicated that p.R15G and p.L23H mutants exhibited continuous staining along apposed cell membranes in the fluorescent localization assay, which is the same as the wild type. However, two mutations in GJC3 genes resulted in a loss of ATP release (hemichannel function) function of the CX30.2/CX31.3 protein [19] . In this study, we found that the p.W77S mutation proteins in the intracellular distribution were different from those in CX30.2/CX31.3WT, which showed continuous staining along apposed cell membranes, and an accumulation of the mutant protein in the endoplasmic reticulum (ER). Simultaneously, we also found that the p.W77S heterozygous mutation has a dominant negative effect on the formation and function of the gap junction. These results of p.W77S mutation are consistent with p.E269D mutation, but there is no consistency with p.R15G and p.L23H mutations.
Similarly, the different site mutations in the GJC gene caused different effect mechanisms that were also found in the GJB2 (CX26) gene, which is a major CX gene linked to hearing loss either alone or as part of a syndrome. For example, p.W44S and p.W44C of CX26 result in a protein that is trafficked to the plasma membrane. In contrast, the p.G59A and p.D66H mutations resulted in protein with impaired trafficking and were concentrated close to the nucleus [22] [23] . Despite p.R127H mutant proteins of the Cx26 were mainly localized in the cell membrane and prominent in the region of cell-cell contact, but this mutant proteins was a formation of defective junctional channels [24] . In the CX30.2/CX31.3 protein, the p.E269D mutation occurred in the putative C-terminal cytoplasmic domain, and the p.W77S mutation was localized in the second membrane-spanning segments (TM2) and near border of the E1 domain protein. The p.L23H mutation was at the border of the N-terminal (NT) domain, and the first membrane-spanning segments (M1) and p.R15G occurred in the putative NT cytoplasmic domain (Supplemental Fig. 1 ). Based on these results, we believe that mutant sites within the protein are important in determining the functional effects of protein.
In a previous study, we found a novel p.W77S mutation in the GJC3 gene from patients with nonsyndromic hearing loss [12] . Tryptophan [W; Ph-NH-CH=C-CH2-CH (NH2)-COOH] and serine [S; HO-CH2-CH(NH2)-COOH] are similar, each having polar and unchanged side-chain amino acids [25] . There are, however, some differences between tryptophan and serine. Tryptophan has heterocyclic aromatic amino side chains, weak basic, and is the largest of the amino acids [26] . Tryptophan is also a very hydrophobic amino acid and prefers to be buried in protein-hydrophobic cores. Tryptophan also can be involved in interactions with non-protein ligands that themselves contain aromatic groups via stacking interactions and in binding to polyproline-containing peptides, for example, in SH3 or WW domains. Serine is generally considered a slightly polar, weakly acidic, and small amino acid. Serine can reside both within the interior of a protein and on the protein surface. It is quite common in protein functional centers, and it is possible for the serine side-chain hydroxyl oxygen to form a hydrogen bond with the protein's backbone or with a variety of polar substrates. In addition, a common role for serine within intracellular proteins is phosphorylation [25] [26] [27] .
Position 77 of the CX30.2/CX31.3 protein is located at the second membrane-spanning segments (M2) and near the border of the first extracellular loop (E1), which is highly conserved among CX/Cx family members and throughout evolution by Multiple Sequence Alignments and ConSeq analysis (Fig 1) . The E1 domain of CX is involved in the interactions between the two adjoining connexons of the gap junction channel [4, 28] . Previous X-ray structure of the CX26 monomer study found that CX26 comprises a typical four-helical bundle in which any pair of neighboring helices is antiparallel. Moreover, this study also indicated that M1, E1, and M2 face the pore; meanwhile, TM3, E2, and TM4 are on the border of the hemichannel facing the lipid or extracellular environments. Additionally, the results disclosed that the cytoplasmic half of TM1 and TM2 are sheltered by the facing the lipid or extracellular environments [29] . In the CX26, the prominent intra-protomer interactions are in the extracellular part of the transmembrane region. Two hydrophobic cores around p.W44 (E1) and p.W77 (TM2) stabilize the protomer structure of CX26 [28] . In this study, our data confirmed that the p.W77S mutant protein of CX30.2/CX31.3 was retained in the ER of HeLa cells. Moreover, we observed significant inhibition of the functional activity of CX30.2/CX31.3-WT in HeLa cells when expressed in a manner mimicking a heterozygous genotype. Thus, p.W77S mutation has dominant negative effect on the function of WT CX30.2/CX31.3. Based on these findings, we suggested that the p.W77 amino acid likely plays a critical role in CX30.2/CX31.3, and as a result a mutation in this residue (W changed to S in position 77) will lead to loss of function of the protein. However, these are predictions, and these cell experiment results are restricted to this study. Therefore, we suggest that the X-ray and 3D structure of the CX30.2/CX31.3 protein needs to be studied to understand further the influence this mutation has at the protein level.
In eukaryotic cells, most secreted and transmembrane proteins fold and mature in the lumen of the endoplasmic reticulum (ER). Previously studies have indicated that CXs can assemble into functional hexameric connexons in the ER membrane [30] . That CXs pass through the Golgi apparatus to reach the plasma membrane has been demonstrated by subcellular fractionation studies and immunocolocalization analyses [31] [32] [33] . In this study, we found that the mutant p.W77S proteins accumulate in the ER. The result is similar to the p.E269D mutation. Our previous study described that great quantities of mutant proteins accumulating in the ER might cause unfolded protein responses (UPR), which is a cellular stress response (ER stress) [34] . The ER responds to the accumulation of unfolded proteins in its lumen by activating intracellular signal transduction pathways, cumulatively called UPR [35] . UPR increases the biosynthetic capacity of the secretory pathway through upregulation of ER chaperone and foldase expression. In addition, the UPR decreases the biosynthetic burden of the secretory pathway by downregulating the expression of genes encoding secreted proteins [36] . At least three such mechanisms were found in an imbalance (called ER stress) between the load of unfolded proteins that enter the ER and the capacity of the cellular machinery, the first two of which are rectifying. The first mechanism is a transient adaptation, which reduces the protein load that enters the ER by lowering protein synthesis and translocation into the ER. The second mechanism is a longer-term adaptation that increases the capacity of the ER to handle unfolded proteins by transcriptional activation of UPR target genes, including those that function as part of the ER protein-folding mechanism. If homeostasis cannot be re-established, then a third mechanism, cell apoptosis, is triggered, presumably to protect the organism from rogue cells that display misfolded proteins [35] . In our study, we discovered via cell-viability analysis that the accumulation of p.W77S mutant protein in the ER did not cause cell apoptosis.
In conclusion, we found that CX30.2/CX31.3W77S missense mutant proteins were degraded by lysosomes and proteosomes in the transfected-HeLa cell. We have suggested that the accumulation of p.W77S mutant proteins in the ER triggered their degradation, which was insufficient to cause cell apoptosis.
Conclusions
In the article, our result indicated that the p.W77S missense mutation proteins in the intracellular distribution are different CX30.2/ CX31.3WT, which showed continuous staining along apposed cell membranes, and an accumulation of the mutant protein in the endoplasmic reticulum (ER) of the HeLa cell. In addition, our results indicated that p.W77S of the CX30.2/CX31.3 mutation has a dominant negative effect on CX30.2/CX31.3WT using tet-on protein expression system. Our study also demonstrated CX30.2/CX31.3W77S missense mutant proteins were degraded by lysosomes and proteosomes in the transfected HeLa cell. Our study highlights the importance of p.W77 amino acid in the CX30.2/CX31.3, and as a result a mutation in this residue will lead to loss of function of the protein.
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